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Key Points  23 
 Near-bottom AUV surveys of detachment faulting at Mid-Atlantic Ridge 24 
 Sediment distribution distinguishes active from non-active faults 25 
 Variation in timing of slip quantified between two surveys   26 
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Abstract 27 
Long-lived detachment faults play an important role in the construction of new oceanic 28 
crust at slow-spreading mid-oceanic ridges.  Although the corrugated surfaces of exposed 29 
low-angle faults demonstrate past slip, it is difficult to determine whether a given fault is 30 
currently active.  If inactive, it is unclear when slip ceased. This judgment is crucial for 31 
tectonic reconstructions where detachment faults are present, and for models of plate 32 
spreading.  We quantify variation in sediment thickness over two corrugated surfaces 33 
near 16.5°N at the Mid-Atlantic Ridge using near-bottom CHIRP data. We show that the 34 
distribution of sediment and tectonic features at one detachment fault is consistent with 35 
slip occurring today.  In contrast, another corrugated surface 20 km to the south shows a 36 
sediment distribution suggesting that slip ceased ~150,000 years ago. Data presented here 37 
provide new evidence for active detachment faulting, and suggest along-axis variations in 38 
fault activity occur over tens of kilometers.    39 
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1. Introduction 40 
It is now recognized that detachment faulting, leading to the formation of oceanic core 41 
complexes, plays a significant role in crustal construction at slow- and ultraslow-42 
spreading ridges [Tucholke et al. 1998; Smith et al. 2006; Ildefonse et al. 2007].  43 
Typically, normal faults accommodate plate spreading through a few hundreds of meters 44 
of slip, before becoming inactive as a new generation of normal faults initiates closer to 45 
the axis. Slip on detachment faults, by contrast, can lead to heaves (i.e. horizontal 46 
displacements) of up to 100 km, exhuming lower crust and upper mantle rocks to the 47 
seafloor [Tucholke & Lin 1994; Cann et al. 1997; Cannat et al. 2006; Smith et al. 2006; 48 
Okino et al. 2004; Baines et al. 2008; Grimes et al. 2008; Dick et al. 2008].   49 
 50 
Corrugations oriented parallel to the direction of spreading have been frequently observed 51 
over the surfaces of oceanic detachment faults [Tucholke & Lin 1994; Cann et al. 1997; 52 
Tucholke et al. 1998].  Corrugated surfaces are interpreted as the exposed footwall of 53 
low-angle detachments, emerging from beneath the hanging wall of the median valley 54 
floor [Cann et al. 1997; Tucholke et al. 1998; MacLeod et al. 2002].  Despite the growing 55 
evidence that detachment faulting is very common at slow-spreading ridges, only one 56 
such area has been studied to determine whether it was actively slipping at depth. A 57 
section of the TAG detachment at 26ºN on the MAR was the site of a successful 58 
seismicity and seismic structure study [DeMartin et al. 2007]. The experiment showed an 59 
active dome-shaped fault surface extending between 3-7 km below the seafloor.   In the 60 
absence of these data at other sites, it has been difficult to obtain direct evidence whether 61 
a detachment fault in the rift valley wall is active or not.  If no longer active, the timing of 62 
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when a fault stopped slipping is central to understanding the formation and evolution of 63 
detachment faulting.   64 
 65 
The large number of hydroacoustically-detected earthquakes (magnitude of completeness 66 
>3) and a preliminary bathymetric survey, provided early clues that detachment faulting 67 
plays a major role in crustal accretion in the 16.5°N region of the Mid-Atlantic Ridge 68 
[Bohnenstiehl et al. 2002; Smith et al. 2008; Escartín et al. 2008].  In 2013, this area was 69 
the focus of RV Knorr cruise KN210-05 [Figure 1; Smith et al. 2013; Dick et al. 2013]. 70 
Here, we use Compressed High Intensity Radar Pulse (CHIRP) data collected using the 71 
autonomous underwater vehicle (AUV) Sentry during cruise KN210-5 to provide insight 72 
into the activity and timing of two detachment faults on the west flank of the axis.  In 73 
addition to AUV Sentry surveys, an extensive program of rock dredging and nine 74 
underwater camera (TowCam) tows were carried out in the area. These additional data 75 
provide independent constraints on the rock types, sediment cover and fault terminations 76 
at the sea floor.   77 
 78 
2.  AUV Sentry Data  79 
AUV Sentry was used to make 14 detailed survey dives within the 16.5°N region. We 80 
examine the multibeam bathymetry, sidescan sonar and CHIRP data from two of these 81 
Sentry dives.   Each dive covered an area of ~10 km
2
.  AUV Sentry flew at a height of 82 
~65 m above the seafloor, at a speed of ~0.8 m s
-1
 (~1.5 kts).  Tracks were spaced ~180 m 83 
apart to obtain 100% coverage by the 400 kHz Reson 7125 multibeam sonar, which has a 84 
spatial resolution of ~0.5 m.  CHIRP profiles, which provide cross-sectional images of 85 
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shallow sediment cover, were acquired with an Edgetech 2200M unit operating with a 86 
frequency sweep of 4-24 kHz.  Vertical resolution is ~10 cm.  CHIRP data were 87 
processed using open source MB-System and SeismicUnix software packages [Caress & 88 
Chayes 1996; Cohen & Stockwell 2013].  Processing consisted of applying a zero-phase, 89 
sine-squared bandpass filter (trapezoidal weights 0, 1, 1, 0; frequencies 0.08, 0.1, 24, 25 90 
kHz) to remove noise and frequencies associated with other instruments on the vehicle; 91 
static correction according to vehicle depth, and depth conversion using a constant 92 
(water) velocity of 1500 m s
-1
. 93 
3. Sediment Thickness at Two Detachment Faults near 16.5°N 94 
We compare the results of two Sentry dives, 180 and 181, located on the western rift 95 
valley wall (Figure 1).  Dive 181 was located close to 16° 36’N, ~5.5 km from the crest 96 
of the axial volcanic ridge.  An evenly-dipping (slope ~18°), convex upward, corrugated 97 
surface was revealed by the high-resolution bathymetric data.  The corrugated surface 98 
transitions to an area of irregular topography at the top of the slope (Figure 2a). The fine-99 
scale corrugations on this surface, tens of meters in wavelength, are resolvable only with 100 
the high-resolution bathymetric data acquired using Sentry [Smith et al. 2013].  The 101 
corrugations terminate along an arcuate line at the base of the slope, against a terrain that 102 
has the hummocky morphology of volcanic sea floor (eastern portion of Figure 2a). In the 103 
detachment fault interpretation, this termination would be the line along which the 104 
footwall of the detachment emerges at the sea floor from beneath a hanging wall (i.e. the 105 
inner valley floor in this case).  Approximately 1.5 km to the west of the fault 106 
termination, the low-angle corrugated surface appears to be covered by debris, most 107 
likely to be material eroded from upslope.   108 
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 109 
High amplitude (i.e. dark) returns from the tops of the corrugations near the termination 110 
in the sidescan sonar image suggest basement rock protruding from beneath a thin 111 
covering of sediment (Figure 2c). The termination itself is sharp in character. 112 
Immediately to the west of the termination, sonar returns from the most recently exposed 113 
footwall are high in amplitude, indicating outcropping basement or very thin sediment 114 
cover.  115 
 116 
Figure 3 shows a CHIRP profile crossing the termination of the corrugated surface from 117 
dive 181.  Sediments are 1-2 m thick on the upper slopes of the domed detachment 118 
surface (footwall, Figure 3b), and progressively thin downslope (Figure 3c).  No 119 
resolvable sediment is observed near the western side of the termination (Figure 3d). 120 
Sediment thickness maps were constructed from the CHIRP profiles collected along the 121 
Sentry tracklines.  Profiles are spaced 180 m apart and run across the survey; a single 122 
profile was collected through the middle of each survey (black lines, Figure 2a,b).  123 
Seabed and sediment-basement reflections were hand-picked along flattened CHIRP 124 
profiles, and converted from two-way travel time to depth using a constant (water) 125 
velocity of 1500 m s
-1
.   These horizons were used to create a gridded isopach of 126 
sediment thickness for each dive area.  The resulting map shows varying amounts of 127 
sediment cover, decreasing downslope towards the termination (Figure 4a).  Profiles 128 
closest to the termination are devoid of resolvable sediment. The lack of sediment 129 
adjacent to the termination implies that slip is currently occurring on the detachment fault 130 
at dive 181.  Patches of thicker sediment close to the top of the footwall slope in Figure 131 
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4a are likely to be the result of material slumped from higher up.   In general, to the east 132 
of the termination on the hanging wall side, sediment is ~2 m thick (Figure 3d,e,f).   133 
Profiles oriented perpendicular to the slip direction on the hanging wall side also show 134 
sediment thickness of ~2 m (Figure 3g,h). 135 
 136 
The discontinuity in sediment thickness is confirmed by photographs acquired at the 137 
seafloor during deep-towed imaging surveys with the TowCam imaging system [Fornari 138 
2003]. Seafloor photographs acquired at dives 180 and 181 are presented in the 139 
supporting information (location shown in Figure 2; photographs in Figure S1). Figure 140 
S1c shows that in the area covered by dive 181, sediment blankets the western part of the 141 
corrugated surface, far from the termination. About 150 m west of the termination, the 142 
detachment surface is partly sediment covered with numerous rock fragments (Figure 143 
S1d).   The approach to the termination is shown in Figure S1e, where a very thin 144 
sediment layer partly covers the basement.  The ~10 m high edge of the hanging wall at 145 
the termination (with overlying sediments) is imaged in Figure S1f. The sediment 146 
covered hanging wall is shown in Figure S1g.  147 
 148 
Dive 180 was located ~20 km south of dive 181.  It is ~10 km from the volcanic axis and 149 
covers the northern section of the corrugated surface of South Core Complex (SCC; 150 
Figure 1).  Between the eastern extent of the corrugated surface of the SCC in dive 180 151 
and the volcanic spreading axis is a more recent normal fault, called East Ridge.  This 152 
fault is the new inner valley floor boundary fault.  Assuming East Ridge fault initiated 3.5 153 
km from the axis, it has been active for ~200 ka [Smith et al. 2008].  Smith et al. (2013) 154 
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suggested that the section of the SCC detachment fault behind East Ridge stopped 155 
slipping when East Ridge fault formed. Dive 180 examined this section of the SCC fault 156 
and its possible extinct termination.   157 
 158 
Bathymetric data from dive 180 show the corrugated surface to be a uniformly convex 159 
surface terminating at a break in slope against the fill of the basin behind East Ridge 160 
(Figure 2c). The termination of the fault with the basin material is sharp and easily 161 
identified.  High amplitude returns on sidescan images reveal a pattern of parallel 162 
corrugations to the west of the fault termination (Figure 2d).  A CHIRP profile oriented 163 
roughly parallel to the corrugations and straddling the termination is shown in Figure 5.  164 
Sediment of variable thickness blankets the entire survey area, including a 0.5-2 m thick 165 
veneer of sediment over the domed corrugated surface (Figures 4b and 5).  Towcam 166 
images show that sediment blankets the seafloor to the west (i.e. footwall side) of the 167 
termination (Figure S1h). The presence of sediment adjacent to the termination on the 168 
footwall is in contrast with dive 181, where no resolvable sediment on the footwall close 169 
to the termination is observed. This observation suggests the section of SCC detachment 170 
fault imaged during dive 180 is not actively slipping.   In common with the sediment 171 
thickness variations at dive 181, there is a sharp break in sediment thickness across the 172 
termination (Figures 5d, 5e).   Sediment is about 2 m thick on the hanging wall east of the 173 
termination, and < ~1 m thick on the footwall immediately to the west of the termination.  174 
CHIRP profiles oriented perpendicular to the corrugations also show this sharp contrast 175 
in sediment thickness either side of the termination (Figure 4b).  As in the results from 176 
dive 181, sediment thickness increases westwards (i.e. upslope) along the footwall, from 177 
 PARNELL-TURNER ET AL.: SEDIMENTATION AND DETACHMENT FAULTS  
 
 10  
~1 m adjacent to the termination up to ~1.5 - 2 m at the top of the slope. Our data do not 178 
indicate any obvious mass wasting of the detachment footwall at dive 180. 179 
4. Discussion 180 
In a simple interpretation of detachment faulting, the footwall at the termination should 181 
be the most recent section exhumed to the seafloor, and the time of exposure of the 182 
footwall should increase with distance from the termination.  Thus, in an active 183 
detachment, the footwall near the termination should be more recently exposed than at an 184 
inactive detachment.  We test and develop this hypothesis below. 185 
 186 
Combining observations from AUV Sentry bathymetric data, sidescan sonar images, 187 
CHIRP profiles, and TowCam seafloor photographs has allowed us to locate the 188 
terminations of two detachment faults in the western rift valley wall in the 16.5ºN region 189 
(dives 181 and 180; Figure 1). At both terminations the sediment thickness shows a sharp 190 
increase from the corrugated footwall onto the un-corrugated hanging wall, and a gradual 191 
increase in thickness away from the termination westwards across the corrugated 192 
footwall. This is consistent with the simple interpretation above. 193 
 194 
At dive 181, the 0 - 0.5 m-thick sediment on the corrugated surface immediately adjacent 195 
to the termination suggests that it is actively emerging at the sea floor.  There has not 196 
been enough time for significant sediment to accumulate.  The observed upslope 197 
thickening of sediments is consistent with the increase in time that the footwall has been 198 
exposed at the seafloor. In dive 180 by contrast, the 1 m thick sediment cover on the 199 
footwall adjacent to the termination suggests that the detachment fault there is not active 200 
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today and has been inactive for long enough for 1 m of sediment to accumulate.  Here 201 
again, the sediment thickens westwards away from the termination consistent with past 202 
slip on the detachment and an increase in length of time the footwall has been exposed at 203 
the seafloor.  These observations also are consistent with our initial simple interpretation 204 
of fault behavior. 205 
 206 
We use two independent estimates of sedimentation rate to quantify the timing and rate of 207 
slip on the SCC and dive 181 detachment faults.  First, constraints on the lithology and 208 
accumulation rate of sediments in the region can be obtained from sediment cores 209 
recovered nearby.  The nearest sediment sample was collected ~75 km north of our study 210 
area in a piston core at site V23-112  (17°16’N, 46°45’W; 2845 m water depth).  211 
Sediments at this site consist of foraminiferal ooze, greyish-orange in color, with a very 212 
high carbonate content [National Geophysical Data Center digital archive], in good 213 
agreement with sediments recovered during our dredge hauls in the 16.5°N study area.   214 
The sediment accumulation rate calculated from V23-112 and one other nearby piston 215 
core recovered nearest to the ridge axis in this region is 7 ± 2 mm ka
-1
 [Damuth 1977].  216 
Second, we use the half-spreading rate at 16.5°N as an alternative approach to estimate 217 
the sedimentation rate, as follows.  If we assume that slip on a detachment fault accounts 218 
for half of the extension at a spreading center [Buck 1988], the slip on the faults would be 219 
at the half-spreading rate of 12 mm a
-1
  [Smith et al., 2008], implying that the 1.5 km-220 
long corrugated surface at dive 181 took ~125 ka to form.  The observed 1 m-thick 221 
sediment located at the top of this corrugated surface, 1.5 km west of the termination, 222 
must have accumulated over this ~125 ka period, yielding a sedimentation rate of 8 mm 223 
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ka
-1
.    Combining these two independent estimates gives a mean sedimentation rate of ~7 224 
± 2 mm ka
-1
. 225 
 226 
We use this accumulation rate to quantify the time at which slip ceased on the fault at 227 
dive 180.  Since we observe on average, 1 m of sediment adjacent to the termination at 228 
dive 180, slip on that fault must have ceased at 150 ± 50 ka.  This timing is consistent 229 
with the structural estimate that slip began on East Ridge at approximately 200 ka [Smith 230 
et al., 2008], suggesting that when East Ridge fault formed, the detachment at dive 180 231 
ceased extending.  Finally, the 2 m-thick sediment on the hanging wall side of the 232 
terminations at both dive 180 and 181 implies the hanging walls have not been 233 
volcanically resurfaced for ~300 ± 100 ka.  234 
 235 
Observations of continental detachment faults suggest that cataclasites and fault breccias 236 
are thickest on the lateral walls of fault corrugations [John 1987; Davis & Lister 1988].  237 
Sediments might also be expected to accumulate in the troughs of corrugations [Davis et 238 
al. 1993].  Our observations show that perpendicular to the spreading direction, 239 
corrugations are more or less uniformly covered in sediment at the resolution of the 240 
CHIRP data (cms).  Towards the lower slopes of the detachment surface at dive 181, the 241 
corrugations appear to be sediment-free (see corrugation-perpendicular CHIRP profile in 242 
Figure 3g).   The possible effects of mass-wasting upon the distribution of sediment 243 
across the study area also should be considered. Headwall scars on the upper slopes of the 244 
181 detachment fault (Figure 1b), and irregular variations in sediment thickness (Figures 245 
3, 4 and 5), suggest that mass-wasting plays a role in redistributing sediment here.    246 
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Sediment is likely to be slumping eastwards off the upper slope in the dive 181 area, but 247 
it does not appear to be accumulating near the termination (Figures 2e and 2f).   248 
Nonetheless, sediment redistribution through land sliding as well as ocean currents may 249 
explain the uneven and occasionally patchy sediment at the top of the detachment 250 
footwall slopes.  Turbulent oceanic mixing and stronger tidal currents are more likely in 251 
locations of rough bathymetry [Ledwell et al. 2000], such as on the uneven terrain on the 252 
upper slopes of detachment fault  surfaces (Figures 2 and 4).  253 
 254 
5. Conclusions 255 
We have presented observations of sediment thickness over oceanic detachment faults 256 
using near-bottom CHIRP data acquired by AUV Sentry. Overall the distribution of 257 
sediment thicknesses is consistent with a simple interpretation of detachment faulting.  In 258 
this hypothesis, a corrugated surface emerges from beneath the hanging wall at the fault 259 
termination, then spreads steadily away from the termination and the volcanic axis.  The 260 
low-angle, corrugated detachment fault imaged with dive 181 has a sharp termination 261 
located 5.5 km from the axis.  The footwall, where it emerges from beneath the valley 262 
floor, has 0-0.5 m thick sediment cover.  These observations suggest that this surface is 263 
recently exposed at the surface and thus, is actively slipping today. A section of the low-264 
angle, corrugated SCC detachment (dive 180) located ~20 km to the south of dive 181, 265 
and ~10 km from the volcanic axis also has a sharp termination. Near to the termination 266 
the exposed surface has ~1 m of sediment.    Assuming a sedimentation rate of 7 ± 2 mm 267 
ka
-1
, this part of the SCC detachment fault has been inactive for 150 ± 50 ka, which is 268 
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consistent with slip initiating closer to the axis on East Ridge fault at ~200 ka [Smith et 269 
al., 2008]. Our results suggest that the style of active normal faulting in this region varies 270 
along-axis on scales as short as 20 km. Determinations of sediment thickness from near-271 
bottom CHIRP data have allowed us to make a significant step forward in quantitatively 272 
unraveling the tectonic history of an area dominated by detachment faulting.   273 
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Figure Captions 362 
 363 
Figure 1. Location map (inset) and multibeam bathymetric map of study area [Cruise 364 
KN210-05; Smith et al., 2013].  Numbered black boxes = location of Sentry dives 180 365 
and 181; red line = spreading axis; dashed line with tick marks = eastern bounding fault; 366 
SCC = South Core Complex. 367 
 368 
Figure 2. Bathymetric and side-scan sonar data from Sentry dives 181 and 180 (location 369 
shown in Figure 1).  a) High-resolution bathymetric data acquired during Sentry dive 370 
181.  Black line = location of CHIRP profile in Figure 3a, thickened portions shown in 371 
Figures 3e and 3g; dashed line with tick marks = detachment fault termination; FW= 372 
footwall; HW = hanging wall. b) High-resolution bathymetric data acquired during 373 
Sentry dive 180.  Black line = location of CHIRP profile in Figure 5a, thickened portion 374 
shown in Figure 5d. c) Sidescan sonar image from dive 181. Blue line = location of 375 
TowCam dive TC7; white circles = location of TwoCam photographs shown in Figures 376 
S1c-g. Note definition of detachment fault termination identified by high amplitude 377 
returns, and clearly visible corrugations. d) Sidescan sonar image from dive 180. Blue 378 
line = location of TowCam dive TC6; white circle = location of TwoCam photograph 379 
shown in Figure S1h.  Note well-defined corrugations on FW, and low amplitude returns 380 
on HW suggesting sedimented seafloor.  381 
 382 
 383 
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Figure 3. CHIRP profiles acquired during Sentry dive 181 (see Figure 2a for location). 384 
Insets (b) - (d) plotted at same scale.   a) Profile extending west-east through the center of 385 
the survey across the detachment surface. b) Detailed inset showing ~1-2 m thick 386 
sediment cover on upper (west) slope of detachment surface. c) Detailed inset showing 387 
sediment progressively thinning downslope. d) Detailed inset at the detachment 388 
termination, showing absence of sediment west of the termination (footwall), and 1 m of 389 
sediment immediately east on the hanging wall. e) Detailed portion of profile in (a), 390 
flattened according to height of Sentry vehicle above the seafloor to remove effect of 391 
steep bathymetric slopes to aid interpretation seafloor (see Figure 2a for location).  Note 392 
variation in sediment thickness across the detachment surface. f) Interpreted version of 393 
(e), note location of termination and increasing up-slope sediment cover. Yellow shading: 394 
sediment; pink shading: basement. g) Profile oriented perpendicular to footwall 395 
corrugations, flattened according to height of Sentry vehicle above the seafloor (location 396 
shown in Figure 2a).  h) Interpreted version of (g).  Note lack of sediment south of the 397 
termination, and consistent veneer of sediment on the hanging wall side of profile. 398 
 399 
Figure 4.  Sediment thickness maps, calculated from interpreted CHIRP profiles and 400 
gridded at 25 m resolution.  Bathymetric contours with depths labeled in meters; dashed 401 
black lines with tick marks = detachment fault terminations; solid black lines = location 402 
of sediment thickness profiles in (c) and (d).  a) Dive 181. Sediment is <1 m thick to west 403 
of termination on footwall (FW), suggesting fault is active today.   Sediment is 1-2 m 404 
thick on hanging wall (HW) side of termination.  Note thickened sediment at center of 405 
corrugated surface, perhaps due to local slumping.  Dashed line with tick marks = fault 406 
 PARNELL-TURNER ET AL.: SEDIMENTATION AND DETACHMENT FAULTS  
 
 20  
termination.  b) Dive 180 (oblique Mercator projection).  Sediment is ~1 m thick adjacent 407 
to termination on FW; thickens to ~1.5 m westwards upslope.  Sediment on HW side is 2-408 
3 m thick.  c) Sediment thickness profile, dive 181.  Thin black line with dashed band = 409 
mean sediment thickness ± 1 standard deviation.   Note possible mass-wasting at western 410 
end of profile, which causes sediment thickness to diminish. d) Sediment thickness 411 
profile, dive 180.  412 
 413 
Figure 5. CHIRP profile acquired during Sentry dive 180 (see Figure 2b for location). 414 
Insets (b) and (c) plotted at same scale.   a) Profile extending west-east through the center 415 
of the survey across detachment surface. b) Detailed inset showing ~1-2 m thick 416 
sediment cover on footwall of domed detachment surface. c) Detailed inset showing ~2 m 417 
thick sediment on hanging wall. d) Detailed portion of profile in (a), flattened according 418 
to height of Sentry vehicle above the seafloor (see Figure 2b for location). Note sediment 419 
is present both hanging wall and footwall sides of termination. e) Interpreted version of 420 
(d), note location of termination and increasing sediment thickness westwards. Yellow 421 
shading: sediment; pink shading: basement. 422 
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